We have manufactured flexible field effect transistors with both polymeric and low molecular weight organic semiconductors onto a very thin (6.5 nm) gate insulator with capacitance in excess of 600 nF cm −2 . Gate insulators were prepared by anodization of a sputtered aluminium film on a Mylar plastic sheet. Anodization protocols in very dilute acid and in pure water, were explored and results compared.
Introduction
Transistors using organic semiconductors (organic field effect transistors, OFETs) have been the focus of intense research interest. It is envisaged that the processing advantages of organic semiconductors will lead to applications that are either very cheap, or complement organic display technology. Outstanding examples include inkjet-printed logic circuits [1] , and organic active matrix drivers for displays [2] .
Initially, research and development has mainly focused on the organic semiconductor itself, but recently, contacts [3] and gate insulators for OFETs [4] [5] [6] [7] [8] have received increasing attention. An interesting approach to gate insulators are anodically prepared metal oxide films on metal as gate electrode/gate insulator. Tate et al [5] and Iino et al [6] have reported on organic transistors using anodized tantalum (Ta 2 O 5 ), and we have demonstrated OFETs with anodized aluminium (Al 2 O 3 ) gate insulators [7] . Al 2 O 3 has a lower dielectric constant (ε) than Ta 2 O 5 ; however, it has a higher breakdown field and has properties consistent with the demands on organic electronics such as low cost and compatibility with plastic substrates. Anodized Al has been used previously in amorphous silicon FETs [9] .
Here we report on OFETs built onto commercial Mylar films coated with a very thin, sputtered Al layer. We have optimized the anodization procedure to manufacture flexible OFETs with gate insulators of ≈6.5 nm thickness, implying very high gate capacitance. 1 Author to whom any correspondence should be addressed.
Experimental
Our starting point was a commercially available Mylar film coated with a thin, smooth sputtered Al layer. The Al surface had a mirror-like appearance; scanning with a Dektak surface profilometer showed Al thickness of ≈ 60 nm with surface roughness of ±(7-10) nm. To produce a gate insulator onto Al, coated Mylar film was cut into stripes of ≈ 4 cm × 2 cm, a wire was attached by conductive glue, and films were immersed into an anodization bath. Two anodization procedures were employed: first, an electrolyte of 1 mmol l −1 citric acid in high purity de-ionized water (18 M cm) was used, which is less concentrated acid than what was used in previous work [5] [6] [7] , as we tried to minimize the inclusion of acid counterions into the Al 2 O 3 film [10] . Anodization was at a fixed current density j = 0.3 mA cm −2 maintained by ramping the anodization voltage up to 5 V. Anodization was then stopped and films were washed in de-ionized water. With an anodization ratio c Al = 1.3 nm V −1 , this corresponds to an insulator thickness of 6.5 nm. We refer to these films as 'citric acid' insulators. Second, Al-coated Mylar was anodized in a bath containing 18 M cm water only, relying on the autoprotolysis of water. This procedure has been introduced by Lin and Hwu [11] for ultrathin silicon nitride films. Films were placed very close (2 mm) to the cathode to reduce resistance. A constant voltage of 100 V was applied to drive a (non-constant) anodization current through the growing insulator barrier, and the high resistance bath. In this anodization mode, the thickness of the resulting film is controlled by the duration of anodization (here 15 s). We refer to these films as 'water' insulators. We note that 'water' anodization becomes difficult for thicker insulator films, as anodization times increase considerably and the prolonged exposure to high anodization voltage may lead to delamination of Al films, even when thicker Al films evaporated to glass are used.
For capacitance measurements with a conventional capacitance meter, circular gold electrodes were evaporated. For 'citric acid' insulators, we found C i = 620 nF cm −2 , and for 'water' insulators, C i = (650-700) nF cm −2 . This shows that 'water' insulators are of very similar thickness to 'citric acid' films for the anodization protocol described.
We prepared OFETs on 'citric acid' and 'water' insulator films with both polymeric and low molecular weight hole-transporting organic semiconductors. We used regioregular poly(3hexyl thiophene) (rrP3HT) and pentacene, both purchased from Aldrich. rrP3HT was de-doped with hydrazine before use and was spun from 10 g l −1 chloroform solution at 1000 rpm. Pentacene was sublimated, as received, under vacuum (<10 −6 Torr) at a rate of 0.4 nm s −1 to a thickness between 40 and 110 nm, as measured by a surface profilometer. Transistors were completed by shadow mask evaporation of gold top contacts of 2 mm × 2 mm separated by a 25-40 µm channel. Figure 1(b) illustrates the flexibility of the resulting OFETs. For characterization, the source and drain were contacted with Karl Süss probeheads; the contact wire for anodization was used as the gate contact. rrPHT transistors were kept under dynamic rotary pump vacuum for at least 12 h prior to measurement to reverse the well-known effect of oxygen doping [12] . Output characteristics were measured under nitrogen atmosphere with two Keithley 2400 sourcemeasure units. Gate and drain voltages (V G and V D ) were limited to −(3-4) V to avoid dielectric breakdown of the gate insulator. The maximum breakdown voltage of an anodized film equals the anodization voltage [7] , here 5 V.
Results
Figures 2(a)-(e) show the output characteristics of flexible OFETs using different anodization protocols and semiconductors. To determine the carrier mobility and the threshold voltage, V G and V D were ramped up simultaneously and the square root of the drain current (I D ) was plotted against V G = V D . Note that at V G = V D , there is no drain-to-gate leakage current; therefore, mobility determined in this way is not compromised by gate leakage. The measured hole mobility, µ meas , and threshold voltage, V T , were obtained from the slope and intercept of the resulting straight lines. Table 1 summarizes the results. de-doping and evacuation, probably due to processing under oxygen [12] .
Discussion
For both rrPHT devices, the threshold voltage is considerably lower than for pentacene transistors. At the gold/pentacene junction, there is an injection barrier of 0.85 eV [13] , while the gold/rrPHT junction can be considered Ohmic. We have shown that the injection barrier at the gold/pentacene junction increases V T [14] .
Bao et al [15] reported µ = 9.2 × 10
for rrPHT transistors spincast from chloroform onto SiO 2 gate insulators and contacted with gold electrodes. This is 
rrPHT ( higher than the rrPHT mobility found here. Veres et al [8] have shown that OFET mobility decreases with increasing insulator polarity due to increased energetic disorder at the insulator/semiconductor interface. It is thus not surprising that OFET mobility is lower on Al 2 O 3 (ε = 9-11) than on SiO 2 (ε = 3.3).
The measured mobilities in our pentacene transistors on Al 2 O 3 are considerably lower than those found for pentacene on anodic Ta 2 O 5 (µ = 0.24-0.36 cm 2 V −1 s −1 , Iino et al [6] ), or pentacene on polymeric gate insulators (µ = 3 cm 2 V −1 s −1 , Klauk et al [16] ). Also, measured mobilities depend on the thickness of the pentacene layer (higher for thinner films), as reported previously by Lee et al [17] and by us [14] . We have found that drain saturation currents are lowered with increasing pentacene film thickness, and a correction has to be applied to calculate the real OFET mobility µ OFET :
where t p/i are the thickness of the pentacene and gate insulator film, respectively. Equation (1) for the 110 nm pentacene/'water' insulator. Corrected mobilities vary by less than a factor of 2, and are somewhat higher but similar to the mobilities reported by Iino et al [6] for pentacene on the more polar anodic Ta 2 O 5 .
Conclusions
We have shown that commercially available Mylar plastic sheets coated with a thin, sputtered Al film can be used for the manufacture of flexible organic transistors with both polymeric and low molecular weight organic semiconductors. Via anodization, extremely thin, high capacitance gate insulators consisting of Al 2 O 3 can be prepared on the Mylar/Al films, using a simple procedure requiring no vacuum steps.
There is little difference between using very dilute citric acid, or pure water, as the anodization medium. However, water anodization is limited to very thin insulators, as otherwise, delamination of the Al film from the substrate occurs.
To realize the full potential of pentacene OFETs with extremely thin gate insulators, it is essential to deposit very thin pentacene films as well, because the total transistor thickness (insulator + semiconductor), not the insulator thickness alone, controls the saturation drain current. We speculate this may be a general phenomenon for transistors with non-Ohmic source/semiconductor contact. Further study is required to verify this.
